We present simulations of a model molecular solid of nitrogen cubane subject to thermal agitation and mechanical shock. A new approach, a reactive state summation potential, has been used to model nitrogen cubane dissociation. At elevated temperatures, the system decomposes to N 2 mixed with a small amount of oligomeric nitrogen. When subject to shock loading the system detonates above some critical threshold after which a shock front is self-sustained by the energy release from chemical reactions at a constant intrinsic speed. This is the first example of a fully three-dimensional atomic simulation of a chemically-sustained detonation. The spatial confinement of the shock front results in longer chain intermediates than in the case of thermal decomposition, suggesting that shock intermediates can be structurally very different from the same material subject to comparable temperatures and pressures.
I. INTRODUCTION
Solids under shock loading can exhibit various phenomena such as phase transformation, 1 plastic deformation, 2 and chemical reaction, 3 which are crucial in discovering new phases, studying dynamical mechanical responses, and understanding condensed phase chemistry. However, it is very difficult to achieve those extreme conditions experimentally and measuring various physical values is even harder. In particular, the motion of detonation fronts in solid explosives occurs on the spatial scale of tens of nanometers within a time scale of picoseconds. Although advances in experimental techniques such as high resolution transmission electron microscopy and time-resolved molecular spectroscopy are providing the capability to probe subnanometer features or physical processes with nanosecond resolution, 4 it is still impractical to achieve both spatial and temporal resolutions simultaneously. Theoretical frameworks such as the classic Zel'dovich, von-Neumann, and Doering continuum theory concerns the conservation of mass, balance of momentum, and energy in the case of planar shocks, but contains no description of atomic-scale defects or anisotropy of the molecular crystal. More importantly, the material inside the reaction zone is far from equilibrium; thus the assumption that thermodynamic variables ͑other than chemical composition͒ are in equilibrium may not hold.
While the spatial and temporal scales associated with shock dynamics are difficult to probe experimentally, these scales are ideal for molecular dynamics ͑MD͒ simulations. 5 One of the challenges to using MD simulation in modeling physical processes involving chemical reactions is the design of an appropriate interatomic potential. 6 A range of interatomic potential forms have been developed over the last 20 yrs that have incorporated chemical reactivity into simulations of shock and related phenomena, including chemicallysustained detonations. Examples include predissociative models, 7 a London-Eyring-Polanyi-Sato ͑LEPS͒ potential, 8 bond-order based potentials, [9] [10] [11] [12] [13] [14] [15] tight binding Hamiltonians, [16] [17] [18] and first principles methods. [19] [20] [21] The first potentials to demonstrate intrinsic detonation velocities in an atomic simulation in one and two dimensions were the LEPS ͑Ref. 8͒ and the "A-B" model, 9 respectively. The latter model, which is based on a bond-order formalism, 22 is computationally efficient such that large-scale two-and threedimensional simulations can be carried out, yet still captures generic but essential features of chemical reactivity. Other related analytic potentials have been developed since, most notably the ReaxFF potentials developed by Goddard et al., 12, 14, 15 that attempt to model the details of specific systems rather than generic chemistry, but at the cost of computational efficiency. Each of these approaches to modeling interatomic forces for shock simulations have their relative merits, and in some cases severe limitations. In predissociative models, for example, chemical energy is released through bond breakage, instead of bond formation. This can lead to the nonphysical partitioning of the energy such that no energy goes initially into intramolecular vibration. 23 Generic studies such as the A-B model, which emphasize computational efficiency, have focused primarily on energetic materials of small molecules where all energy release comes from bond formation. These small molecule simulations, while providing critical examples of self-sustaining shock chemistry, may have behavior that is very different from energetic materials composed of relatively large molecules. For example, vibrational relaxation in large molecules will be significantly different from small molecules, and for large molecules a high fraction of the energy release can come from dissociation into fragments. It should also be noted that a simulated atomic-scale shock front sustained by chemical reaction with an intrinsic velocity has only been demonstrated in one and two dimensions. 8, 9 Reported in this article are the results of simulations of a model molecular solid of nitrogen cubane subject to thermal agitation and mechanical shock. These simulations use a new approach to modeling large-scale reactivity in a covalent system that retains computational efficiency while still allowing a physical treatment of chemical reactions and intermediate states. This relatively simple potential used to describe condensed phase reaction of a large molecule is intended to provide a bridge between generic treatments such as the "A-B" model and the detailed but more complicated descriptive potentials such as ReaxFF. As discussed below the simulations show the formation of N 2 and short-chain nitrogen clusters as products of both thermal and shock decomposition. In the case of shocks, decomposition of multiple molecules is spatially confined to the shock front as opposed to thermal decomposition that occurs randomly throughout the simulation. The former conditions result in longer chain intermediates than in the case of thermal decomposition, suggesting that shock intermediates can be structurally very different from the same material subject to the comparable temperatures and pressures.
II. REACTIVE STATE SUMMATION POTENTIAL
The reactive state summation potential is an extension of a concept that was originally implemented to control angular terms in modeling silica 24 and boron oxide. 25 During a chemical reaction, the system starts from the state of the reactant in the potential energy landscape. Driven by thermal agitation at high temperature or mechanical agitation under shock, the system evolves over the chemical reaction barrier toward a product state. The state of the reactant, the final products, and other possible intermediates, which we refer to as reactive states, determines the thermodynamics and kinetics of the chemical reaction. Each of these reactive states can be quantified and distinguished by a reaction coordinate. The central idea of this formulation is to model each state separately, then combine them together through a reactioncoordinate-dependent weighting function. Therefore, individual force fields can be turned on or off depending on the reaction coordinate. If each reactive state is modeled by a conventional two-body interatomic potential, the total potential energy is the sum of those potentials modulated by a weighting function
where i, j loops over N atoms, s loops over a number of reactive states including any number of reactants, products and intermediates and E s ͑r ij ͒ is the pair potential for reactive state s. The weighting function w i is written as
The parameter A controls the width of the weighting function. CN is the coordination number, which is the sum of a neighbor-counting function f CN . f CN is a smooth function changing from 1 to 0 in a transition region of width 2w from r ij c −2w to r ij c as the interatomic distance increases. CN is the coordination number for a specific reactive state that has to be unique among all states. Therefore, the reaction coordinate is represented by the coordination number for its simplicity computationally, although there are many alternative ways to define such a quantity.
Here a nitrogen RSS force field is given that considers the chemical reaction of N 8 nitrogen cubane as it decomposes in the solid state into N 2 molecules. Therefore the reactant ͑r͒ is chosen to be N 8 nitrogen cubane and the products ͑p͒ are N 2 nitrogen molecules. The total energy is the weighted sum of two reactive states plus a Van der Waals ͑VDW͒ term as well as a hard sphere ͑HS͒ repulsion term
It should be noted that there is no explicit angular constraints for N 8 . Instead, the constraint on the coordination ensures the cubic shape of the molecule. To accurately describe the energetics of other threefold-coordinated phases such as the black phosphorous or cubic gauche structures, angular constraints would have to be included. Inclusion of these terms, however, would reduce the computational efficiency of the model. As stated above, because our intent is to produce a potential that is intermediate in complexity between the A-B and more descriptive potentials, these terms are neglected. Both reactive states are modeled by a pair-wise Morse-type potential
The cutoff function ensures the finite range of the covalent bonding as well as the computational efficiency. The potential parameters can be readily obtained from the bond length, bond strength, and bond vibration frequency from experiments or first principles calculations, which are listed in Table I . 26, 27 The hard sphere repulsion term is to ensure that no atoms overlap for coordination states other than those two reactive states considered in this simple potential model. The intermolecular interaction is a conventional 12-6 Lennard-Jones potential. Because the inter-or intramolecular interactions are calculated for all atoms in this RSS formalism, the short covalent bond distance between atoms within one molecule would result in a large positive potential energy due to the repulsive regime of the LennardJones interaction. Therefore, the Lennard-Jones potential is modulated to zero within the covalent bonding distance as in Eq. ͑9͒. This approach is similar to the treatments of other reactive force fields. 28 Because no data is available for the nitrogen cubane-cubane Van der Waals interaction experimentally or computationally, a relatively weak potential energy depth has been chosen to keep the dominance of the intramolecular force in the cubane-cubane interaction. The equilibrium distance of this Van der Waals interaction is also set to be small for computational efficiency. There are also no reports on the crystalline state of nitrogen cubane. Similar cubic shaped molecules, such as C 8 H 8 cubane, 29 normally have a rhombohedral crystalline state. However, the ratio of cube-cube distance over the cube size for C 8 H 8 cubane is about 3.5, which is larger than the ratio ͑2.9͒ for the current model nitrogen cubane. It is conceivable that as the cubecube separation decreases, simple cubic will eventually become the choice for the densest packing. Therefore, we choose an apparent simple cubic packing to construct the nitrogen cubane crystal. The lattice constant is 0.4313 nm. This yields a density of 2.32 g / cm 3 that is within the range of 2.29-2.65 g / cm 3 estimated from empirical methods.
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The physical values for N 8 and N 2 are given in Table II for this model along with comparable literature values. The advantage of this RSS formulism is its simplicity and flexibility. Due to the absence of long-range interactions and a simple switching between inter-and intra-molecular interactions, the computing time for the force calculation for RSS nitrogen potential scales linearly with system size. It is also straight forward to include multiple species, angular dependency and multiple products. Furthermore, it is also possible to combine two sets of parameters for the same potential or totally different force fields in a multiscale simulation approach.
III. THERMAL DECOMPOSITION
A series of thermal decomposition simulations were performed using the RSS potential. Simulations were carried out with N 8 cubane crystals within an NVT ensemble. The initial system consists of 216 N 8 cubane molecules or 1728 nitrogen atoms with a fixed density of 2.32 g / cm 3 . For a reactive system that has a single reactant and one possible product, the chemical reaction is accomplished by individual molecules going through a thermally activated reaction path. The extent of the reaction can be monitored by the average potential energy 
where PE is the average potential energy per atom, PE r and PE p are the potential energy for the reactant and product respectively, R is the reaction rate at the given temperature, and t is the time. By monitoring the average potential energy evolution of the system, R, PE r , and PE p can be obtained at various temperatures through nonlinear fitting procedures as plotted in Fig. 1 . The reaction rate follows the Arrhenius rate law, as demonstrated by Fig. 2 , which is characterized by an activation energy barrier of 1.0 eV. We found that there is no need to include an equilibration-induction time in Eq. ͑10͒, as was done in Ref. 15 , because the reaction rate is well behaved without the addition of a fitting parameter. The product at the end of the reaction is composed of mostly N 2 nitrogen molecules ͑onefold coordinated͒ with a small percentage of nitrogen oligomers ͑twofold coordinated͒. The nitrogen chains are quasi-one-dimensional with a maximum cluster size of 6 as shown in Fig. 3͑a͒ . The product after reacting at 2030 K for 380 ps consists of about 56% N 2 and 44% oligomeric nitrogen in terms of atomic percentage as shown in Fig. 4 . As the cookoff temperature increases, there is less oligomeric nitrogen in the final product. The average potential energy per atom for twofold-coordinated nitrogen is approximately −3.0 eV, which is much higher than the onefold-coordinated nitrogen which is about −4.9 eV. Therefore, chainlike polymer clusters are metastable energetically and tend to overcome the dissociation barrier and turn into smaller segments at higher temperature.
Although there is no explicit term for twofoldcoordinated oligomeric nitrogen in Eq. ͑5͒, its energetics is determined by the weighted sum of one-and threefold coordinated states. Moreover, the twofold-coordinated state is a natural intermediate state in the transition from threefoldcoordinated to onefold-coordinated state, given that simultaneous bond breaking is less likely than bond breaking one by one. Such metastable polymeric form for nitrogen has also been predicted previously by first principles methods. 31 The presence of oligomeric nitrogen may also be due to the short time scale of the system with such a high temperature and high pressure. We note that the fit in Fig. 1 deviates from the function at low temperatures and long times, which suggests that there may be multiple reaction barriers. Nonetheless, the overall chemical reaction can be characterized by a single reaction barrier as shown in Fig. 2 . This may be because: ͑1͒ the secondary reaction from N 8 cubane to oligomeric nitrogen has a similar reaction barrier; ͑2͒ the amount of twofoldcoordinated nitrogen is small, especially in the high temperature regime.
IV. SHOCK SIMULATIONS OF NITROGEN CUBANE
To simulate chemical reactions caused by mechanical shock waves, both moving pistons and flyer plates are used to initiate shock waves. A simple cubic N 8 cubane crystal with 4320 molecules ͑34560 atoms͒ in a box of 2.6ϫ 2.6 ϫ 52 nm 3 is subject to shock. The system is periodic in the two directions perpendicular to the shock propagation direction ͑Z direction͒. The initial system rests at 0 K. There is no thermostat or barostat coupled to the shock simulations. To simulate shocks formed by a moving piston, the left ͑nega-tive Z direction͒ most layer of material consisting of 36 molecules are held rigid while moving to the right ͑positive Z direction͒ with a constant piston speed. To simulate shocks formed by a flyer plate, the same left most layer is given an initial velocity without restricting their dynamics thereafter.
The shock velocity scales approximately linearly with the piston velocity as plotted in Fig. 5 . The longitudinal sound velocity is about 1.3 km/s as determined by extrapolating the shock velocity to a zero piston velocity. For a piston velocity less than 1.58 km/s, no chemical reaction is observed during the course of the simulation ͑3.8 ps͒. For piston velocities greater than about 1.84 km/s, chemical reaction occurs behind the shock front and propagates quickly, eventually overtaking the preceding shock front. Similarly, shocks by flyer plate will not initiate chemical reactions for flyer plate speeds lower than a threshold value. Figure 6 shows the average potential energy along the shock direction at different times, which demonstrates that the shock front moves at a constant speed and is followed by a very narrow reaction zone about 2 nm at the beginning of the shock and about 15 nm at the end of the simulation. The reaction products at the end of the simulation are a mixture of N 2 , chainlike nitrogen and single nitrogen atoms. For example, with a flyer plate speed of 10.5 km/s, the product at 5 ps after the shock consists of 63% N 2 molecules, 23% chainlike nitrogen and about 14% isolated nitrogen atoms, all in terms of weight percentage. A connectivity analysis ͑Fig. 7͒ shows that the dominant oligomeric nitrogen is N 3 trimer, which is similar to the product of thermal decomposition at high temperatures. However, as depicted in Fig. 7 , the difference is that the size of the oligomeric nitrogen clusters can well exceed 10 with the maximum size of 24. These large clusters are metastable energetically and quickly dissociate to smaller segments, thus they are only concentrated in the reaction zone immediately trailing the shock front as shown in Fig.  3͑b͒ . This is in clear contrast to the maximum nitrogen clus- FIG. 5 . Shock front speeds plotted as a function of piston speeds. The sound velocity is about 1.3 km/s, which is extrapolated as the shock front speed at zero piston speed. A smaller system that spans 2.6ϫ 2.6ϫ 52 nm 3 is used to obtain this data. 
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ter, which is 6, during the whole simulation process for thermal decomposition. This is because at the shock front the chemical reaction occurs almost simultaneously in neighboring nitrogen cubane molecules; thus smaller chains can be linked together before being further decomposed into N 2 molecules. In the case of thermal decomposition, the chemical reaction occurs randomly both spatially and temporally so that large polymeric clusters are less likely to form. Plotted in Fig. 8 are the positions of the shock front as a function of time as determined by the position of the right most atom that deviates from the initial crystal structure. For four different flyer plate speeds, the final shock fronts propagate at a common detonation speed of about 11.0 km/s, as indicated by Fig. 9 . For flyer plate speeds higher than the final detonation speed, the shock front slows down, while for flyer plate speeds lower than the final detonation speed, the shock front speeds up. For even lower flyer plate speeds, no reaction occurs. Therefore, a threshold flyer plate speed to initiate chemical reaction can be identified. Note that this value can be affected by the thickness of the flyer plate, the duration of the simulation, and the presence of defects in the lattice. For the current simulation with one layer of nitrogen cubane molecules as a flyer plate and a shock simulation for 7.6 ps, this threshold value resides between 4.0-5.3 km/s.
V. CONCLUSIONS
The thermal decomposition and shock loading of an energetic molecular solid of nitrogen cubane has been simulated at the atomic scale. The interatomic interactions are modeled with a new RSS formalism that yields an activation energy barrier for thermal decomposition of 1.0 eV. Under shock loading with a rigid piston, the simulations show a threshold piston velocity above which a fully threedimensional chemically sustained detonation with an intrinsic velocity of 11.0 km/s is initiated. Structural analysis shows that chainlike nitrogen forms during reaction, and that the maximum chain length in the shock simulations is much larger than that in thermal decomposition simulations. This observation is mainly due to the fact that, unlike thermal cook-off conditions, reactions occur instantaneously in a cooperative manner in shocks. Therefore, the shocked material is structurally different from the system subject to similar temperatures and pressures. 
